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feedstock produced. Switchgrass (Panicum virgatum L.) is a model lignocellulosic bioenergy crop but critical
information is lacking for improved management, growth, and development simulation model calibration. A
field study was conducted near Ames, IA during 2012–2013 with the objective to evaluate upland (“Cave-in-
Rock”, ‘Trailblazer’ and ‘Blackwell’) and lowland (“Kanlow” and “Alamo”) switchgrass ecotypes for harvest
timing on morphology (i.e., phenology, leaf area index (LAI), and biomass yield). The experiment used a
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Abstract: Sustainable development of the bioenergy industry will depend upon the amount
and quality of bioenergy feedstock produced. Switchgrass (Panicum virgatum L.) is a model
lignocellulosic bioenergy crop but critical information is lacking for improved management, growth,
and development simulation model calibration. A field study was conducted near Ames, IA during
2012–2013 with the objective to evaluate upland (“Cave-in-Rock”, ‘Trailblazer’ and ‘Blackwell’) and
lowland (“Kanlow” and “Alamo”) switchgrass ecotypes for harvest timing on morphology (i.e.,
phenology, leaf area index (LAI), and biomass yield). The experiment used a randomized complete
block design, with three upland and two lowland varieties harvested at six dates annually. In both
years, delaying harvest to later maturity increased biomass yield; lowland cultivars produced greater
biomass yield (6.15 tons ha−1) than upland ecotypes (5.10 tons ha−1). Lowland ecotypes had delayed
reproductive development compared with upland ecotypes. At the end of both growing seasons,
upland ecotypes had greater mean stage count (MSC) than lowland ecotypes. “Cave-in-Rock” had
greatest MSC and LAI, but did not produce the greatest biomass. Relationships were nonlinear
between MSC and biomass yield, with significant cultivar–year interaction. The relationship between
biomass yield and MSC will be useful for improving switchgrass, including cultivar selection,
fertilizer application, and optimum harvest time.
Keywords: Panicum virgatum L.; biomass yield; biomass harvest; grass staging; grass morphology;
switchgrass development; leaf area index
1. Introduction
Increasing energy demands, uncertainty in crude oil prices, and environmental impacts
of using fossil fuels have increased interest in alternative energy sources, including biofuels.
Growing biomass crops that can be converted to fuel is one approach to addressing these concerns [1–3].
Switchgrass (Panicum virgatum L.) is a C4 perennial grass native to North America [4,5]. It has
been selected as a model 2nd generation bioenergy crop alternative to fossil fuel by the Bioenergy
Feedstock Development Program (BFDP) at the U.S. Department of Energy [5]. Switchgrass has already
demonstrated great potential as an ideal bioenergy feedstock in Central and North America [1,6–8],
due to its wide geographic adaptability, suitability for growth on marginal lands, high nutrient and
water use efficiency, and by providing natural habitat for migratory birds [9–11].
Agronomy 2018, 8, 61; doi:10.3390/agronomy8050061 www.mdpi.com/journal/agronomy
Agronomy 2018, 8, 61 2 of 14
The wide natural geographic distribution of switchgrass has resulted in the evolution of two
broad ecotypes (i.e., upland and lowland ecotypes) [12]. These ecotypes possess large genotypic,
phenotypic, and physiological differences between them [13–18]. Lowland cultivars are generally tall,
thick-stemmed, later flowering, adapted to wetter conditions, and have higher biomass yield potential,
compared to the upland ecotypes [19–21]. Upland ecotypes are shorter, thin-stemmed, relatively lower
yielding, found in drier conditions [22], and have better winter survival than lowland ecotypes when
grown at the same latitude [7,21].
In geographic zones where the adaption of these ecotypes overlap, clear morphological differences
have been observed between them [23,24]. These differences have been observed to play an important
role in biomass accumulation and composition. Production of greater biomass yields by lowland
ecotypes is also generally attributed to their delayed maturity and faster stem elongation [15].
There are five distinct stages in the development of most grasses: (1) germination;
(2) vegetative/leaf development; (3) elongation/stem development; (4) reproductive/floral
development; and (5) seed development and ripening [25]. Switchgrass development is closely
associated with growing degree days (GDDs) during its vegetative stage, but the relationship varies
with cultivar and location [26–28]. Reproductive development, on the other hand, is more closely
related to the day of the year, suggesting a photoperiod effect [26,29,30]. However, these relationships
are also affected by cultivar–environment interactions, and differences between relative biomass
yields often vary by year, location, and harvest management [30–32]. Therefore, understanding
morphological development is important for quantifying and describing important grass canopy
processes that are influenced by the plant–environment interaction [33]. Once developed, estimation
of grass developmental morphology can be used to predict yield and composition [19,27,34–36].
Most of the information available on morphological development of switchgrass ecotypes is based
on comparisons made among cultivars grown in different geographic zones; however, the information
from side-by-side comparisons at the same location is not extensive. Such information is useful for
cultivar selection and development, and to understand differences between ecotypes. The objectives
of this study were: (1) to determine the effect of harvest date and switchgrass phenology on biomass
yield; (2) to evaluate biomass yield differences between switchgrass ecotypes; and (3) to determine
if switchgrass morphological development, an easily observable trait in the field, can be used as a
predictive tool for leaf area index (LAI) and dry matter yield (DMY).
2. Material and Methods
2.1. Experimental Site
To determine the developmental morphology and DMYs of upland and lowland switchgrass
cultivars, a study was conducted during 2012 and 2013 on a switchgrass cultivar trial established
in 2007 at Iowa State University, Sorenson Research Farm, near Ames, IA, USA (42◦0′41′ ′ N,
93◦44′34′ ′ W). Soils at the site consisted primarily of Canisteo clay loam (Fine-loamy, mixed,
superactive, mesic calcareous, mesic Typic Endoaquolls), Harps clay loam (Fine-loamy, mixed,
superactive, mesic Typic Calciaquolls), and Nicollet loam (Fine-loamy, mixed, superactive, mesic
Aquic Hapludolls). The experimental field was arranged as a randomized complete block design with
six replications. The individual plot size within each replication was 4.5 × 3 m. Five switchgrass
varieties of two distinct ecotypes, upland (“Cave-in-Rock”, “Blackwell”, and “Trailblazer”) and
lowland (“Kanlow” and “Alamo”), were used as treatments. Every year prior to spring growth
initiation, standing dead material was mowed at a stubble height of 5 cm, and the plant
residue was removed from the field. To control weeds each year, a pre-emergence application
of atrazine [6-Chloro-N-ethyl-N′-(1-methylethyl)-1,3,5-triazine-2,4-diamine] and Paramount [3,
7-Dichloro-8-quinolinecarboxylic acid] was applied at 2.23 kg and 0.56 kg ha−1 a.i.ha−1 respectively.
Nitrogen (NH4NO3, 34-0-0), P (TSP, 0-46-0), and K (KCl, 0-0-62) fertilizers were applied every year in
early May at 78 kg ha−1, 67 kg ha−1, and 90 kg ha−1, respectively. Total precipitation and mean monthly
Agronomy 2018, 8, 61 3 of 14
air temperature for 2012 and 2013 were collected at a site located less than 8 km from the experimental
site, and the data were downloaded from the Iowa Environmental Mesonet (2014) (Table 1).
Table 1. Mean monthly air temperature and precipitation for 2012–2013, and 20-year mean at Ames, IA.
Temperature (◦C) Precipitation (mm)
Month 2012 2013 20-Year Mean 2012 2013 20-Year Mean
January −2 −5 −7 7 15 20
February −1 −3 −4 44 20 25
March 12 −1 3 60 38 50
April 12 8 10 122 148 98
May 19 16 16 62 180 125
June 23 21 21 75 76 132
July 27 23 23 37 26 107
August 22 23 22 74 55 124
September 18 19 18 47 50 81
October 10 11 12 59 97 61
November 6 1 4 23 40 51
December −2 −8 −4 26 8 27
2.2. Biomass Harvest
In 2012, biomass harvest samples were collected from three randomly selected blocks, and the
remaining blocks were used the following year to collect harvest samples. Each plot was divided into
six subplots corresponding to six biomass harvests. Each year, depending on spring growth, the first
harvest occurred at early vegetative growth (approximately two weeks after tiller emergence). In 2012
and 2013, the first harvest samples were harvested on the 136th and 149th day of the year (DOY),
respectively, and the remaining five harvests were collected at approximately 2-week intervals. At
each harvest date, two 0.1 m2 samples were harvested by placing two quadrats randomly within each
subplot. Tillers were carefully hand clipped at ground level and transported to the laboratory for
further processing.
2.3. Morphology and Development
Leaf area was estimated using an LI-2000 plant canopy analyzer system (LI-COR Biosciences,
Lincoln, NE, USA). Measurements were taken biweekly on the same day the biomass harvest samples
were collected and within the first 4 h of daylight on clear sunny days. Each LAI determination
consisted of four below-canopy measurements interspersed with one above-canopy measurement.
Below-canopy measurements were recorded by placing the LI-2000 bar close to the ground surface
and on the non-harvested portion of the whole plot.
Mean stage count (MSC) for each switchgrass variety was determined at each harvest date.
Biomass harvest samples were hand sorted and morphologically classified according to the Nebraska
system for staging perennial grasses described by Moore et al. [25].
2.4. Dry Matter Yield
Harvested biomass samples were pooled after morphological classification to determine DMY.
Biomass samples were weighed for fresh weight and then dried in a forced-air oven at 60 ◦C for 72 h
or until a constant dry weight was achieved, and then reweighed.
Agronomy 2018, 8, 61 4 of 14
2.5. Statistical Analysis
Statistical analysis was performed by analysis of variance using the GLIMMIX procedure of SAS
9.4 (SAS Institute Inc., Cary, NC, USA). Switchgrass variety, year, and harvest date were considered
fixed effects, while blocks and the interactions with blocks were considered as random effects.
To determine the relationship between switchgrass development, LAI, and DMY, quadratic regression
equations were fitted with MSC as an independent variable, and LAI and DMY as dependent variables.
All statistical tests were made at alpha = 0.05.
3. Results
3.1. Temperature and Precipitation
Growing season conditions differed between years. Mean monthly air temperature in the first
half of 2012 was warmer compared to 2013 and the 20-year mean, while the rest of the growing season
temperatures were fairly typical (Table 1). In 2013, spring regrowth was delayed about two weeks
compared to 2012, which was related to cool temperatures in May. Precipitation in both years was
lower than the 20-year mean, except April and May of 2013. April in both years and May in 2013
were wetter than the 20-year average and then followed by a drier summer (Table 1). The year 2012
experienced serious drought as a result of below normal rainfall in spring, while spring and summer
temperatures were above the long-term normal.
3.2. Morphology and Development
Development (i.e., MSC) was affected by harvest date, but the effect was different among the
varieties (Table 2, Figures 1 and 2). Averaged over both years, “Cave-in-Rock”, which is an upland
cultivar, had the highest MSC of 2.52, whereas the two lowland cultivars, “Kanlow” and “Alamo”, had
the lowest MSCs of 2.28 and 2.29, respectively.
Due to significant variety–year interactions, each year was then analyzed separately. In 2012,
variety and harvest date influenced MSC, and there was a significant interaction between them.
However, in 2013, variety and harvest date were found to have an effect on MSC, but the two-way
interaction of variety and harvest was not significant. This indicates that switchgrass varieties in 2012
had larger differences between harvests than in 2013.
Agronomy 2018, 8, x FOR PEER REVIEW  4 of 14 
 
determine the relationship between switchgrass development, LAI, and DMY, quadratic regression 
equations were fitted with MSC as an independent variable, and LAI and DMY as dependent 
variables. All statistical tests were made at alpha = 0.05. 
3. Results 
3.1. Temperature and Precipitation 
Growing season conditions differed between years. Mean mo thly air temp rature in the first 
half of 2012 was warmer compared to 2013 and the 20-year mean, while the r st of the growing season 
temperatures w r  fairly ty ical (Table 1). In 2013, spring r growth was delayed bout two weeks 
compared to 2012, whic  was rel ted to cool temperatures in May. Precipitation in both ye rs was  
lower than the 20-year me n, except April and May of 2013. April in both years and May in 2013 were 
wetter than the 20-year average and then followed by a drier summer (Table 1). The year 2012 
experienced serious drought as a result of below normal rainfall in spring, while spring and summer 
temperatures were above the long-term normal. 
Table 2. Analysis of variance (ANOVA) for m a  stage count (MSC), leaf area index (LAI), and dry 
matter yield (DMY), and significance in response to switchgr ss varieties a nd harvest dates during 
growing seasons 2012 and 2013 in Ames, IA. 
ANOVA MSC LAI DMY 
Year (Y) 3.3 4.1 14.5 ** 
Harvest date (H) 992.1 ** 406.3 ** 233 ** 
Y × H 14.4 ** 59.3 ** 7.3 ** 
Variety (V) 23 ** 54.7 ** 12 ** 
Y × V 5.6 ** 26.2 ** 1.1 
H × V 3.8 ** 1.5 1.1 
Y × H × V 0.7 0.8 0.8 
** Significant at the 0.01 probability level. 
3.2. Morphology and Development 
Development (i.e., MSC) was affected by harvest date, but the effect was different among the 
varieties (Table 2, Figures 1 and 2). Averaged over both years, “Cave-in-Rock”, which is an upland 
cultivar, had the highest MSC of 2.52, whereas the two lowland cultivars, “Kanlow” and “Alamo”, 
had the lowest MSCs of 2.28 and 2.29, respectively. 
 
Figure 1. MSC and standard deviation (SD) of mean stage count (SMSC) for five switchgrass varieties 
grown near Ames, IA in 2012 and 2013. Crop re -growth began on 1 May 2012 and on 15 May 2013. 
The upland and lowland varieties are denoted with straight and dotted lines, respectively. 
Figure 1. MSC and standard deviation (SD) of mean stage count (SMSC) for five switchgrass varieties
grown near Ames, IA in 2012 and 2013. Crop re-growth began on 1 May 2012 and on 15 May 2013. The
upland and lowland varieties are denoted with straight and dotted lines, respectively.
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Table 2. Analysis of variance (ANOVA) for mean stage count (MSC), leaf area index (LAI), and dry
matter yield (DMY), and significance in response to switchgrass varieties and harvest dates during
growing seasons 2012 and 2013 in Ames, IA.
ANOVA MSC LAI DMY
Year (Y) 3.3 4.1 14.5 **
Harvest date (H) 992.1 ** 406.3 ** 233 **
Y × H 14.4 ** 59.3 ** 7.3 **
Variety (V) 23 ** 54.7 ** 12 **
Y × V 5.6 ** 26.2 ** 1.1
H × V 3.8 ** 1.5 1.1
Y × H × V 0.7 0.8 0.8
** Significant at the 0.01 probability level.
In both years, MSCs for all switchgrass varieties increased gradually from the first harvest date to
the final, and the highest MSCs for all switchgrass varieties was observed at the final harvest (Figures 1
and 2). At the end of each growing season, MSC for upland ecotypes was always greater than lowland
ecotypes, indicating that upland ecotypes matured earlier than lowland ecotypes (Figures 1 and 2).
In 2012, there was an interaction between variety and harvest date. At the final harvest in 2012,
“Cave-in-Rock” had the highest MSC of 3.6, whereas “Kanlow” and “Alamo” had the lowest MSCs of
3.1 and 3.0, respectively (Figures 1 and 2). However, in 2013, only variety and harvest date affected the
MSC and there was no interaction between them. In 2013, at the final harvest, “Cave-in-Rock” had
the highest MSC of 4.6, and “Kanlow” and “Alamo” had the lowest MSCs of 3.1 and 3.2, respectively
(Figures 1 and 2).
The LAI for all switchgrass varieties increased with maturity in both years (Figure 3). The LAI of
all varieties differed with harvest date (Table 2); earlier harvest dates had lower LAI compared to later
harvest dates. Averaged over both years, the increase in LAI of switchgrass varieties between first and
last harvest ranged from 0.8 for “Alamo” to 5.6 for “Cave-in-Rock”.
In 2012, variety and harvest date affected the LAI of switchgrass varieties and there was an
interaction between them. In 2012, LAI for all switchgrass varieties increased gradually from the first
harvest date to the final. The increase in LAI for switchgrass varieties between first and last harvest
ranged from 0.6 for “Blackwell” to 6.7 for “Cave-in-Rock” (Figure 3). However, in 2013, only variety
and harvest date affected the LAI, but there was no interaction between them, suggesting that LAI
among switchgrass varieties changed differently in 2013 compared to 2012. In 2013, a gradual increase
in LAI was only observed until mid-season, after which it decreased (Figure 3). The LAI between first
and fourth harvest ranged from 0.93 for “Kanlow” to 5.1 for “Cave-in-Rock” (Figure 3). Similar to
MSC, at the end of both years, LAI for upland varieties was always greater than the lowland varieties.
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3.3. Dry Matter Yield
The DMY of all switchgrass varieties increased gradually in both years (Figure 4). Year, variety,
and harvest date significantly affected the DMY (Table 2, Figure 4). Averaged over both years, “Kanlow”
had the highest DMY of 6.31 tons ha−1, and “Trailblazer” had the lowest DMY, 4.5 tons ha−1.
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In 2012, variety and harvest date influenced DMY, but there was no interaction between them.
The highest DMY for all switchgrass varieties were observed at the last harvest; “Kanlow” accumulated
the highest DMY of 14.3 tons ha−1, and “Blackwell” had the lowest DMY of 10.2 tons ha−1 (Figure 4).
Similarly, in 2013, variety and harvest date affected the DMY for switchgrass varieties, but there was
no interaction between them. In 2013, DMY for all switchgrass varieties were lower compared to 2012.
However, varieties followed a similar trend, as in 2012 with “Kanlow” producing the highest yield
with 10.88 tons ha−1, and “Blackwell" with the lowest DMY of 6.7 tons ha−1 (Figure 4).
3.4. Predictive Relationships
The relationships between MSC and DMY, and MSC and LAI were nonlinear. Quadratic equations
gave the best fit in terms of predicting relationships between MSC, LAI, and DMY in 2012 and 2013
(Figures 5 and 6). In both years, these relationships were positive and with good predictive values
(r2 = 0.60–0.94).
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4. Discussion
Results of two years of growth and developmental study of switchgrass ecotypes confirmed
significant variation between switchgrass ecotypes for their biomass yield and phenology. This study
showed that MSC, LAI, and biomass yields were significantly different between switchgrass ecotypes
(Figures 1, 3 and 4, respectively) suggesting that there is substantial scope for enhancing switchgrass
genotypes in the U.S. Midwest for improved biomass yield.
The ultimate goal of a biomass crop is to produce a high yield of high quality substrate over
the growing season, and harvest management has the potential to greatly influence biomass yields
and quality. Poor harvest management may not only result in reduced biomass quality and yield,
it might also decrease stand persistence [37,38]. Harvest timing can also vary by location, as well
as with cultivar. This study documents significant variation among switchgrass ecotypes for their
optimal harvest time. Delayed harvest, and consequent later tiller maturity, resulted in greater DMYs
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for all cultivars. These results are in agreement with previous studies, where a single, end-of-season
harvest provided maximum switchgrass DMYs [31,39–45]. Harvesting at later stages of switchgrass
growth and development will also increase lignocellulose and decrease mineral concentration in
biomass [38,42,46–48].
Canopy architecture not only affects plant growth via light interception, but it can also affect the
composition of the biomass [49]. Canopy architecture traits related to morphological development have
always been of great interest for researchers in order to enhance and optimize economic biomass yields.
Results from our study demonstrated significant differences between switchgrass ecotypes for their
MSC over the two growing seasons. Generally, upland ecotypes reached higher MSC than the lowland
ecotypes on a given day of the year, and this difference between the upland and lowland ecotypes
became larger at the start of reproductive development. Upland ecotypes emerged earlier in the spring
and matured about two to three weeks earlier than the lowland ecotypes. Previous studies have also
reported similar findings that upland ecotypes mature earlier than the lowland ecotypes [7,21,26].
Standard deviation of MSC (SMSC) presented as a simple linear function for all ecotypes as the growing
season progressed in 2012, but variability for SMSC in 2013 was greater, especially during the mid-season
harvest (Figure 1). This indicates that the tiller population of switchgrass ecotypes during mid-season
harvests were comprised of diverse sub-stages. Reproductive development of switchgrass is linked
with the day of year, or in other words day length, but it is not completely independent of other factors.
In 2012, the onset of reproductive development was about two weeks earlier in all varieties than in
2013, which indicates that growing season temperatures also play an important role in switchgrass
phenological development, and year-to-year variability can be explained by the differences in mean
monthly temperatures.
Switchgrass LAI on the other hand, increased with advanced maturity and varied across
years (Figure 3). In both years, switchgrass ecotypes accumulated LAI in a curvilinear manner.
During mid-season, LAI reached its maximum and then declined due to leaf senescence.
This developmental pattern for LAI development was described by Hernández et al. [50] as
size/density compensation, where tiller number decreases, but biomass increases. Results from
this study also revealed significant differences between switchgrass ecotypes for LAI. The greater LAI
in 2012 might be the result of higher temperatures during early growth periods, which also decreased
the LAI differences among upland and lowland ecotypes. These results are in agreement with previous
research that switchgrass leaf/stem ratio increases at higher temperatures in both upland and lowland
ecotypes [51]. However, in 2013, clear differences between upland and lowland switchgrass varieties
for their LAI throughout the growing season occurred, clearly indicating an ecotypic effect. The 2013
year, being less warm than 2012, resulted in delayed spring emergence and delayed reproductive
development in all switchgrass varieties compared to 2012. Van Esbroeck et al. [52] reported similar
findings that slow leaf area appearance in switchgrass is associated with late panicle emergence.
They reported about 60 days earlier panicle emergence in upland ecotypes “Cado” and “Cave-in-Rock”
than the lowland type “Alamo”.
Biomass yields of all switchgrass ecotypes were inconsistent across years. The year 2012, being
warmer than 2013 and with higher LAI and more tillers m−2 (Figure 3), also produced higher
biomass yields than 2013 (Figure 4). This might be explained by the fact that at higher temperatures
switchgrass varieties produced greater tiller numbers in 2012, and resulted in higher DMY than 2013.
Kandel et al. [51] reported similar findings that at higher temperatures root/shoot and leaf/stem ratios
increase in both upland and lowland ecotypes. Biomass yields of switchgrass ecotypes increased
in a somewhat linear manner as the growing season progressed in both years. Maximum biomass
yields in both years were observed during post-reproductive development and at the last harvest in all
ecotypes. These results are consistent with past findings that maximum switchgrass biomass yields in
the U.S. Midwest occurred in mid-August at full panicle emergence to post-anthesis [44]. In both years,
“Kanlow” produced the highest biomass yields, and “Alamo” and “Cave-in-Rock” had the second
highest biomass yields after “Kanlow”. “Cave-in-Rock”, the most recommended cultivar for Iowa,
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did not produce greater biomass yields than its lowland counterparts, but it performed better than all
other upland cultivars (Figure 4).
Switchgrass has a determinate growth habit and as the inflorescence development initiates,
vegetative growth is terminated [53,54]. This indicates that maximum biomass yields in switchgrass
occur when most of the grass tillers are post-reproductive development. This phenomenon on the
other hand also reduces the dry matter yield accumulation in early flowering plants by terminating
their vegetative growth. Lowland cultivars with delayed maturity as compared to the upland cultivars,
“Kanlow” and “Alamo” accumulates more vegetative biomass than upland ecotypes [15,52].
There was a strong quadratic relationship of MSC with LAI and DMY. However, a slight under
prediction in both years after the mid-season of growth and development was also observed, which
might be the result of faster LAI and dry matter accumulation. These findings are consistent with the
previous studies [25,38,55]. Response of the MSC quadratic equations also varied from year to year
which also indicates that this relationship can be affected by environmental factors such as temperature
and precipitation [31].
5. Conclusions
In conclusion, results of this experiment show variability among switchgrass ecotypes for biomass
yield and important morphological traits. These traits were also observed to have an impact on biomass
yield accumulation and harvest management among switchgrass ecotypes. This study also provides
support for planting lowland switchgrass varieties in Iowa to obtain greater biomass yields. However,
delayed maturity in lowland ecotypes might also reduce their persistence in northern locations in the
long term. Winter temperatures during the course of this study were fairly typical and no winter losses
were observed. Therefore, we also suggest that lowland ecotypes be tested for their cold tolerance
before being commercially grown for biomass production in Iowa. Moreover, the results of MSC
relationship to LAI and DMY can also be useful in development of new and improvement of existing
switchgrass morphological models for LAI and DMY prediction. However, this information would
work best if the models are cultivar and region specific.
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